The standard Plug-in-Gait (PiG) protocol used in three-dimensional gait analysis is prone to errors arising from inconsistent anatomical landmark identification and knee axis malalignment. The purpose of this study was to estimate the reliability and accuracy of a custom made lower body protocol (MA) compared with the PiG protocol. Twenty-five subjects volunteered to evaluate the intertrial reliability. In addition, intersession reliability was examined in 10 participants. An indirect indicator of accuracy according to the knee varus/valgus and flexion/extension range of motion (ROM) was used. Regarding frontal plane knee angles and moments as well as transverse plane motions in the knee and hip joint, the intersession errors were lower for the MA compared with the standard approach. In reference to the knee joint angle cross-talk, the MA produced 4.7° more knee flexion/extension ROM and resulted in 6.5° less knee varus/valgus ROM in the frontal plane. Therefore, the MA tested in this study produced a more accurate and reliable knee joint axis compared with the PiG protocol. These results are especially important for measuring frontal and transverse plane gait parameters.
Skeletal movements during gait are typically recorded using markers placed on the surface of the skin. The placement of the markers has considerable influence on the accuracy of gait studies (Gorton et al., 2001) . Accuracy, in this context, refers to an accurate knee axis alignment according to the knee varus/valgus and flexion/extension range of motion (ROM) during gait (Schwartz & Rozumalski, 2005) . Moreover, any protocol for movement analysis will only prove useful if it displays adequate reliability (Cappozzo, 1984) .
One of the first protocols proposed by Davis et al. (1991) and known as Plug-in-Gait (PiG) , is used by a vast majority of gait laboratories (Schwartz & Rozumalski, 2005) . It has been shown that intersession and interassessor reliability are low for this protocol, especially at the hip and knee joint in the frontal and transverse plane (McGinley et al., 2009) . The errors in the PiG protocol, for example knee varus/valgus ROM up to 30° (Ferrari et al., 2008) , are very likely caused by inconsistent anatomical landmark identification and marker positioning by the assessor. This leads to well documented errors of skin movement (Leardini et al., 2005) and kinematic cross-talk, that is, one joint rotation (e.g., flexion) being interpreted as another (e.g., adduction) due to axis malalignment (Piazza & Cavanagh, 2000) .
The custom made lower body protocol (MA) in this study uses additional medial malleolus, medial femoral condyle and trochanter major markers to determine joint centers. This eliminates the reliance on the difficult, subjective palpation of the thigh and tibia wand markers necessary for the PiG protocol, which has been shown to have large variability (Gorton et al., 2002) and to enlarge skin motion artifact effects (Manal et al., 2000) . Furthermore, the MA enables users to detect significant differences in the tibiofemoral angles and moments in the frontal and transverse plane during three different patterns of movement (Stief et al., 2008) . However, there is a lack of research on the reliability and accuracy of gait data for this modified lower body protocol. Therefore, the purpose of the current study was to estimate the reliability and accuracy of two different protocols for gait analysis. The main aim of the MA was to minimize the effects of errors and to produce more precise and objective joint parameters. Precision, in this context, refers to the reliability and the magnitude of differences stemming from An Official Journal of ISB www.JAB-Journal.com TECHNICAL NOTES trial-to-trial, or day-to-day variations. Objectivity refers to a standardized marker position protocol with solely bony orientated anatomical landmarks.
Methods

Definitions and Analytical Procedures
A single comprehensive marker set was defined allowing the use of exactly the same gait cycles for the PiG protocol (Davis et al., 1991) without the Knee Alignment Device method (Davis & DeLuca, 1996) and the MA. This marker set included 21 retro-reflective markers (Figure 1 ). To avoid using thigh and tibia wand markers, additional markers were placed on the medial malleolus, medial femoral condyle and trochanter major to determine joint centers in the MA. In both protocols, the center of the hip joint was calculated using a geometrical prediction method (Davis et al., 1991 ). An offset vector from the marker-based pelvic origin located the hip centers. This vector was computed from an anthropometric regression equation that was scaled by manually measured distances on the subject's body (PiG protocol) and accordingly by marker-based locations (MA). The trochanter major marker was used to immediately calculate the distance between the anterior superior iliac spine and the trochanter major using anatomical landmarks. The PiG protocol derived the rotational axis of the knee joint from the position of the pelvic, knee and thigh markers and the rotational axis of the ankle joint from the position of the knee, ankle and tibia markers. In contrast to the PiG protocol, the centers of the knee and ankle joints using the MA were defined as the midpoint between the medial and lateral femoral condyle and malleolus markers. The medial femoral condyle marker was removed for the dynamic trials and the offset from the lateral femoral condyle collected during the static trial was used to recalculate its position.
Kinematic data were collected using an 8-camera system operating at a sampling rate of 200 Hz (VICON Motion Systems, Oxford, UK). Two AMTI force plates (Advanced Mechanical Technology, Inc., Watertown, MA, USA) were used to collect kinetic data at 1000 Hz. Subjects were asked to walk barefoot across a 15 m walkway at their self-selected speed. The average values from five trials were selected on the basis of good quality of the marker trajectories and ground reaction forces. Both protocols were filtered identically (Woltring, 1991) . Joint moments were calculated using inverse dynamics approach.
Subjects
Twenty-five subjects with a mean age (with standard deviation in parenthesis) of 14.9 (3.8) years, a mean height of 163.2 (16.4) cm and a mean body mass of 52.4 (13.7) kg were analyzed to test the intertrial reliability. This subject group consisted of 14 healthy volunteers and 11 patients with pathological varus alignment of the knee according to the mechanical axis of the lower limb based on a full length standing anteroposterior X-ray (Paley, 2002) . Anthropometric data for both groups are shown in Table 1 . The patient group had no other clinical diagnosis or orthopedic problems and none had knee laxity. Patients with isolated varus malalignment of the knee were therefore deliberately included in the study to test the suitability of both protocols for this patient group. Intersession reliability was examined on ten healthy volunteers during two different sessions separated by at least three days and within 2 weeks. The volunteers had a mean age of 20.4 (10.1) years, a mean height of 166.3 (16.8) cm and a mean body mass of 58.5 (17.4) kg. All subjects and/or their parents were thoroughly familiarized with the gait analysis protocol before giving informed consent to participate in this study, as approved by the local ethics committee.
Accuracy and Statistical Analysis
The accuracy of the lower body protocols could not be assessed since the true joint parameters were not measured. According to Schwartz and Rozumalski (2005) , the following indirect indicators of accuracy were computed instead:
1. Knee varus/valgus ROM during gait: An accurate knee flexion axis minimizes the varus/valgus ROM resulting from cross-talk. 2. Knee flexion/extension ROM during gait: An accurate knee flexion axis maximizes knee flexion/ extension ROM by reducing cross-talk.
It has been shown that for the stable knee joint, the physiological ROM of knee varus/valgus only varies between 5° and 10° (Reinschmidt et al., 1997) . Minimization of the knee joint angle cross-talk was therefore considered to be a valid criterion to evaluate the relative merits of the two protocols.
To provide an absolute measure of reliability, the root mean square error (RMSE) was used for the intertrial standard deviation and the technical error of measurement (TEM; Perini et al., 2005) for the intersession standard deviation. In addition, the relative values normalized by the ROM of the corresponding mean curve (RMSE%, TEM%) were reported for each variable. The shape of distribution of the present sample was checked using the Kolmogorov-Smirnov test. Because a normal distribution was confirmed, differences in knee varus/valgus and flexion/extension ROM between the protocols were tested for significance using a paired-sample t test. Significance level was set at p < .05.
Results
A small intertrial variability for both protocols with absolute and relative RMSE values of less than 3.3° and 16%, respectively for kinematic and of less than 0.27 N·m/kg and 14%, respectively for kinetic results was apparent (Table 2) . However, the relative RMSE exhibited increased variability in 9 of 11 knee and hip kinetic parameters measured with the standard PiG protocol.
Both protocols showed similarly good intersession reliability for all ankle, knee and hip joint angles in the sagittal plane and hip angles in the frontal plane (TEM < 2.6°; TEM% < 8.2%; Table 3 ). Regarding frontal plane knee motion, the mean TEM showed higher values for the Note. RMSE = absolute root mean square error; RMSE% = relative root mean square error normalized by the range of motion of the corresponding mean curve; MA = custom made protocol; PiG = Plug-in-Gait marker set. Note. TEM = absolute technical error of measurement; TEM% = relative technical error of measurement normalized by the range of motion of the corresponding mean curve; MA = custom made protocol; PiG = Plug-in-Gait marker set.
PiG protocol (TEM = 2.5° (0.3°); TEM% = 15% (0.4%)) compared with the MA (TEM = 1.6° (0.2°); TEM% = 11% (0.3%)). The joint angles in the transverse plane also revealed higher mean measurement errors for the PiG protocol (TEM = 3.7° (2.0°); TEM% = 17% (5.3%)) compared with the MA (TEM = 2.8° (1.4°); TEM% = 12% (5.4%)). The sagittal plane joint moments showed higher mean TEM values for the PiG protocol (TEM = 0.10 (0.07) N·m/kg; TEM% = 7.4% (3.26%)) compared with the MA (TEM = 0.08 (0.05) N·m/kg; TEM% = 5.8% (3.09%)). Furthermore, the mean intersession reliability in frontal plane knee and hip joint moments was better using the MA (TEM = 0.048 (0.02) N·m/kg; TEM% = 6.3% (1.76%)) compared with the PiG protocol (TEM = 0.063 (0.02) N·m/kg; TEM% = 8.9% (2.93%)). In the transverse plane the measurement errors for knee and hip joint moments were similar for both protocols.
Regarding the accuracy, the MA revealed an average knee varus/valgus ROM during total gait cycle of 14.8° (5.1°) and the PiG of 21.3° (10.5°). This resulted in 6.5° less knee varus/valgus ROM for the MA. The difference was significant (p = .002). In addition, the MA revealed an average knee flexion/extension ROM of 62.9° (4.7°) compared with 58.2° (6.4°) using the PiG protocol. This resulted in 4.7° less knee flexion/extension ROM for the PiG protocol. The difference was also significant (p < .001).
Discussion
The intertrial variability for both protocols in the current study was slightly better than in other studies that reported measurement errors of less than 5° (McGinley et al., 2009 ). The increased intertrial variability of knee and hip kinetic parameters measured with the standard PiG protocol is not valid for the kinematic parameters. This might be due to the inverse dynamic process involving the segmental calculation of acceleration, which amplifies the effect of skin motion artifacts of the thigh and tibia wand markers used in the PiG protocol.
The lower intersession TEM values for the MA compared with the PiG protocol regarding frontal plane knee angles and moments and transverse plane motion in the knee and hip joint suggest that the error in repeated palpation of the landmarks is lower using the MA. In the current study, joint kinematics show larger intersession differences than joint kinetics. This was also observed in other studies (Kirtley et al., 1985; Lelas et al., 2003) . One reason for the reduced TEM for joint moments might be the normalization with body weight leading to a smaller intersession difference in peak moments compared with the absolute joint angles.
In the current study, an indirect indicator of accuracy according to the knee varus/valgus and flexion/extension ROM was used (Schwartz & Rozumalski, 2005) . The MA significantly reduced the knee axis cross-talk phenomenon, suggesting improved accuracy of knee axis alignment compared with the PiG protocol. These results are comparable to those reported by Schwartz and Rozumalski (2005) using a functional approach in comparison with the standard PiG protocol. The MA eliminates the reliance on the subjective palpation of the thigh and tibia wand markers and the application of a Knee Alignment Device method (Davis & DeLuca, 1996) , which is difficult to handle and less reliable within or between therapists than manual palpation (Serfling et al., 2009) .
Especially the documented lower errors in determining frontal plane knee joint moments are an important issue for patients with varus malalignment and medial compartment knee osteoarthritis. It has been frequently shown that the adduction moment at the knee is found to be the best predictor for the determination of medial compartment loading of the knee (Andriacchi, 1994) . Using the standard PiG protocol may therefore lead to an erroneous clinical interpretation. Similarly, in a study reported by Hunt et al. (2008) extra markers over the medial knee joint line and medial malleolus during an initial static standing trial were used to measure dynamic frontal plane lower limb alignment in patients with knee osteoarthritis.
In conclusion, our study confirmed the same trends as reported in the review by McGinley et al. (2009) , namely a high reliability of the majority of ankle, knee and hip kinematic parameters in the sagittal and frontal planes, and a poor reliability for the knee and hip in the transverse plane, and the pelvis in all three planes. However, the use of the MA instead of the PiG protocol is recommended when analyzing frontal and transverse plane gait data. This should lead to lower measurement errors for most of the gait variables and to a more accurate determination of the knee joint axis.
